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Abstract 
S t u d i e s  conduc ted  i n  a c o n t i n u o u s  stirred t a n k  reactor have  
f o r  t h e  f irst  t i m e ,  p roduced  q u a n t i t a t i v e  r e s u l t s - o n  t h e  k i n e t i c s  of 
t h e  formose r e a c t i o n  a n d  associated Cann izza ro  effects. Of major s i g n i -  
f i c a n c e  is  t h e  fact  t h a t  t h e  obse rved  i n d u c t i v e  and  zero order n a t u r e  of 
t h e  k i n e t i c s  of t h e  formose r e a c t i o n  can be e x p l a i n e d  b y  d e r i v i n g  rate 
e x p r e s s i o n s  which have  direct a n a l o g s  i n  h e t e r o g e n e o u s l y  c a t a l y z e d  sys tems.  
H e r e  complexing-decomplexing steps i n  t h e  formose sys tem d i r e c t l y  correlate 
w i t h  a d s o r p t i o n - d e s o r p t i o n  steps i n  he t e rogeneous  sys tems.  The c o n t r o l l i n g  
n a t u r e  of product decomplexing i n  t h e  formose sys tem p roduces  t h e  observed 
k i n e t i c  behavior. 
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I. I n t r o d u c t i o n  
The f ormose r e a c t i o n ,  or self -condensa t ion  of formaldehyde  b y  
a l k a l i n e  c a t a l y s t s  t o  a complex c a r b o h y d r a t e  m i x t u r e  w a s  f irst  reported b y  
B u t l e r  ow i n  1865. S i n c e  t h a t  t i m e  t h e r e  h a s  been i n t e r m i t t e n t  r e s e a r c h  
on t h e  reaction, p r i m a r i l y  t o  i d e n t i f y  a n d  c h a r a c t e r i z e  v a r i o u s  components 
of t h e  p roduc t  m i x t u r e .  More r e c e n t l y  i n v e s t i g a t i o n s  have  c e n t e r e d  on 
i n c r e a s i n g  t h e  s e l e c t i v i t y  of t h e  r eac t ion  t o  l o w e r  m o l e c u l a r  we igh t  (C2-C4) 
compounds a n d  t h e i r  r e d u c t i o n  t o  p o l y o l s .  It i s  t o  t h i s  end a n d  t o  a more 
fundamenta l  and  q u a n t i t a t i v e  knowledge of t h e  f ormose reaction t h a t  t h i s  
r e s e a r c h  h a s  been directed. A s t u d y  of formose c h e m i s t r y  can  be broken  
down i n t o  f o u r  major d i v i s i o n s ,  t h e  i n i t i a l  c o n d e n s a t i o n  r e a c t i o n  of 
formaldehyde  w i t h  i t se l f ,  later aldol  t y p e  c o n d e n s a t i o n s ,  Cann izza ro  
r e a c t i o n ,  a n d  i s o m e r i z a t i o n  of t h e  hydroxy-a ldehydes  a n d  ketones formed. 
Glyco la ldehyde  (CH20HCHO) h a s  been reported(2) t o  be t h e  p r imary  
condensa t ion  product. 
of t h e  reac t ion  b y  p ropos ing  t h a t  t h e  p r imary  condensa t ion  t o  g l y c o l a l d e -  
K a t ~ c h m a n n ' ~ )  a c c o u n t s  f o r  t h e  a u t o c a t a l y t i c  n a t u r e  
hyde is  s l o w  compared t o  later ' condensa t ion  r e a c t i o n s .  Franzen  a n d  m u c k  (4) 
isolated s e v e r a l  metallic sal ts  of formaldehyde  a n d  s t u d i e d  t h e  p o s s i b i l i t y  
of t h e i r  b e i n g  a n  i n t e r m e d i a t e  i n  t h e  c o n d e n s a t i o n  of formaldehyde  t o  s u g a r s .  
They s u g g e s t  a reaction of t h e  t y p e ;  
C Z ~ ( O H ) ~  + 2 CH2(OH)2 e Ca(OCH20H)2 + 2H20 
where methylene  g l y c o l ,  t h e  major f o r m  of monomeric formaldehyde  i n  a q u e o u s  
s o l u t i o n  is  complexed b y  Ca(OH)2.  I n  v e r y  d i l u t e  s o l u t i o n s  of formaldehyde  
t h e y  s u g g e s t  f o r m a t i o n  of a salt  of t h e  t y p e  HOCH20CaOH. 
c l u s i o n  t h a t  t w o  salt  m o l e c u l e s  of t h i s  t y p e  condense  t o  fo rm complexed 
g l y c o l a l d e h y d e  and Ca (OH) 
It  i s  t h e i r  con-  
2' 
2 HOCH20CaOH CH20HCHOHOCaOH + Ca (OH) 
They also s u g g e s t  t h a t  f u r t h e r  c o n d e n s a t i o n s  of t h i s  t y p e  lead t o  formose 
s u g a r s .  Ba1ezi1-1'~) s i m i l a r l y  proposes t h a t  complexed Ca (OH) p l a y s  a n  
e s s e n t i a l  ro le  i n  t h e  c o n d e n s a t i o n  mechanism. 
(1) But le row,  A.M., Ann.,  E, 295 (1861) .  
( 2 )  E u l e r ,  H.V.,  a n d  E u l e r ,  A . ,  B e r . ,  39, 50 (1906) .  
(3) Katschmann, E.,  B e r . ,  m, 579-85 (1944). 
(4) Franzen ,  H. a n d  Hauck, L. ,  J.  P r a k t .  Chem., z, 261-84 (1915). 
(5) Balez in ,  S .A . ,  Zhur .  Obschei  Khim., l.7, 2288-91 (1947)  e 
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Several a u t h o r s  have  s t u d i e d  intermediate a ldol  t y p e  condensa- 
t i o n s  as part of t h e  formose r e a c t i o n  sequence.  
b a t c h  s tud ie s ,  showed t h a t  g l y c o l a l d e h y d e  reacted w i t h  itself t o  y i e l d  
hexoses  and tetroses, a n d  w i t h  formaldehyde  t o  y i e l d  C 
C p r o d u c t s .  G lyce ra ldehyde  reacted w i t h  itself a n d  d ihydroxyace tone  
reacted w i t h  itself t o  p roduce  hexoses .  G lyce ra ldehyde  a n d  g l y c o l a l d e h y d e  
condensed t o  g i v e  p e n t o s e s .  
S i g n i f i c a n t l y ,  p e n t o s e s  a n d  hexoses  did n o t  react w i t h  formaldehyde  a t  a 
measurab le  rate. 
f u r a n o s e  and pyranose  r i n g  s t r u c t u r e s .  
g r e a t e r  detail t h e  self -condensa t ion  of g l y c e r a l d e h y d e  i n  a l k a l i n e  s o l u t i o n s  
a n d  t h e  effects of d ihydroxyace tone  on g l y c e r a l d e h y d e  condensa t ion .  
Pfeil a n d  R u c k e r t ( 6 ) ,  i n  
Cq, C5 and  trace 3' 
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E r y t h r o s e  a n d  fo rma ldehyde  a lso y i e l d e d  p e n t o s e s .  
T h i s  n o n r e a c t i v i t y  i s  p r o b a b l y  d u e  t o  formation of stable 
B e r l  a n d  F e a z e l  ( 7 )  have  s t u d i e d  i n  
D-glycera ldehyde  condensed w i t h  itself t o  g i v e  D-f r u c t o s e  a n d  D-sorbose 
almost exc lus5ve ly .  Dihydroxyace tone  w a s  noted t o  have  a c a t a l y t - i c  effect 
on t h e  g l y c e r a l d e h y d e  c o n d e n s a t i o n ,  w h i l e  d ihydroxyace tone  condensed w i t h  
itself t o  g i v e  a b ranched  c h a i n  compound i n  45% y i e l d .  F r o s t  and  Pearson (8) 
have  d i s c u s s e d  t h e  mechanism 05 t h e  g l y c e r a l d e h y d e  condensa t ion .  I o n i z a t i o n  
of g l y c e r a l d e h y d e ;  
CHO CHO 
I I 
- 1  1 
H C OH + OH- 2 - C OH + H20 
CH20H CH20H 
is  t h e  rate d e t e r m i n i n g  s t ep ,  followed b y  a p r o t o n  s h i f t  t o  g i v e  t h e  carbam- 
i o n  of d ihydroxyace tone .  (These  p r o t o n  
CHO - CH(0H)  
I I 
I I 
- C O H  e C = O  
CH20H CH20H 
s h i f t s  accoun t  f o r  t h e  i s o m e r i z a t i o n  observed i n  t h e  formose sys tem.)  T h i s  
c a r b a n i o n  t h e n  reacts w i t h  g l y c e r a l d e h y d e  t o  g i v e  t h e  oxyanion of t h e  
(6 )  P f e i l ,  E., a n d  Rucke r t ,  H . ,  Ann.,  641, 121-131 (1961). 
(7)  B e r l ,  W.G., and  Feazel, C.E., J .  A m e r .  Chem. S O C . ,  73, 2054-7, (1951) .  
(8)  F r o s t ,  A.A. , and  Pea r son ,  R.G. , ! K i n e t i c s  a n d  Mechanism", 2nd Ed. , 
335-350, John Wiley a n d  Sons  I n c . ,  N.Y., (1961)  
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ke t oh exo se 
- CH(0H) CHO CH20H 
C = O + H C O H  4 C = O  
CH20H 
I I I 
I I I 
CH20H H COH 
I 
I 
H C-0 - 
H C OH 
L 2 0 H  
March(’) a l so  considers  t h i s  mechanism relevant f o r  a l l  t y p e s  of base 
c a t a l y z e d  aldol c o n d e n s a t i o n s .  
I n  a d d i t i o n  t o  a ldol  t y p e  c o n d e n s a t i o n s ,  C a n n i z z a r o  r e a c t i o n  
h a s  been observed t o  o c c u r  i n  t h e  formose sys t em.  The C a n n i z z a r o  r eac t ion  
i s  t h e  s i m u l t a n e o u s  oxidat ion a n d  r e d u c t i o n  of t w o  a l d e h y d e  g r o u p s  b y  OH-. 
The Ca(OH)2 c a t a l y s t  f o r  t h e  formose r e a c t i o n  a l l o w  C a n n i z z a r o  r e a c t i o n  t o  
o c c u r  i n  t h i s  system. 
h a s  t h e  f o l l o w i n g  s t o i c h i o m e t r x  
The C a n n i z z a r o  r e a c t i o n  of formaldehyde  w i t h  Ca(OH)2 
4CH20 + Ca(OH)2 e (CHOO)2Ca + 2CH30H 
A l d o s e  condensat ion p r o d u c t s  of t h e  formose r e a c t i o n  c a n  also undergo 
C a n n i z z a r o  r e a c t i o n ,  f o r  example g l y c o l a l d e h y d e ,  
2CH2(0H)CH0 + OH- 3 CH2(OH)COO- + CH2(OH)CH20H 
F u r t h e r m o r e  c r o s s - C a n n i z z a r o  r eac t ion  may o c c u r  where t w o  dissimilar a l d e h y d e s  
are oxidized a n d  r educed .  
r e d u c i n g  aldose c o n d e n s a t i o n  p r o d u c t s  of t h e  formose r e a c t i o n .  
C r o s s  C a n n i z z a r o  reac t ion  may prove u s e f u l  i n  
Several mechanisms have  been proposed f o r  t h e  C a n n i z z a r o  react ion.  
G e i  s smann ( l o )  i n  a 1944 review of C a n n i z z a r o  l i t e r a t u r e  p r e s e n t s  t h e  mechan- 
i s m  of Lock (11 )  
( 9 )  March , J., “Advanced Organic  Chemis t ry” ,  692-697 , M c G r a w - H i l l  Book 
(10)  Geissman, T.A., “Organic  R e a c t i o n s ” ,  2, 94-113 (1944) .  
( l a )  E i t e l  a n d  Lock, Monatsh,  72, 392 (1939) .  
Co., N.Y. (1968) .  
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P 
RCHO + OH- + RCH 
OH 
I 
I I  
0- 
I 
I 
RCHO + RCH RCHOCHR 
OH 0- OH 
OH 
I 
RCHOCHR 4 RCH20CR + OH- e RCH,WR 
I I -  I 
OH 0- o 
OH 
I 
RCH O t R  4 RCH20H + 
2 l  
I.. 
0 
RCOZ 
Geissman c o n c l u d e s ,  "This mechanism a d e q u a t e l y  c o o r d i n a t e s  t h e  w e l l  -known 
v a r i a t i o n s  of b a s e - i n d u c e d  d i s m u t a t i o n  of a l d e h y d e s  i n t o  a g e n e r a l  p i c t u r e . .  
March proposes a somewhat s i m i l a r  mechanism, 
I 
RCHO + OH- + RCH 
OH 
I 
- 
0 
I - 
RFH + RCHO + RCOOH + RCH 0 
2 OH 
a g a i n  i n v o l v i n g  t h e  s i n g l y - c h a r g e d  methylene-g lycol  a n i o n .  Batch experi- 
ments  conducted  b y  Acker lof  a n d  M i t c h e l l  (12) a t  6 0 ° C  show t h a t  t h e  k i n e t i c s  
of t h e  c a n n i z z a r o  r e a c t i o n  of formaldehyde  w i t h  Ca(OH)2 i s  f irst  order w i t h  
respect t o  Ca(OH)2. 
b y  C a n n i z z a r o  r e a c t i o n .  
These  s t u d i e s  a l s o  show t h a t  g l u c o s e  i s  r e a d i l y  c o n v e r t e d  
I n  summary, c o n s i d e r i n g  t h e  a u t o c a t a l y t i c  n a t u r e  of t h e  formose 
r e a c t i o n  a n d  t h e  ove ra l l  c o m p l e x i t y  of t h e  system t h e  e x p e r i m e n t a l  approach  
u s e d  i s  extremely i m p o r t a n t .  
b u t  a l so  r e p r o d u c i b l e  a n d  a n a l y t i c a l  data r e a d i l y  a t t a i n a b l e  on p r o d u c t  
composi t ion  a t  a l l  c o n v e r s i o n  l e v e l s .  
i n  b a t c h  a n d  p l u g  f l o w  r e a c t i o n  systems.  The b a t c h  s y s t e m  meets n e i t h e r  
r e q u i r e m e n t  ment ioned w h i l e  t h e  p l u g  f l o w  s y s t e m  f a i l s  i n  t h e  s e c o n d  c r i -  
t e r i o n .  The c o n t i n u o u s  stirred t a n k  reactor (CSTR) w a s  f o u n d  t o  m e e t  b o t h  
t h e s e  criteria. A second a d v a n t a g e  is t h e  fact  t h a t  rates are measured 
The sys t em must be n o t  o n l y  t h e r m a l l y  stable 
S t u d i e s  h a v e  p r e v i o u s l y  been  c o n d u c t e d  
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d i r e c t l y ,  f a c i l i t a t i n g  t h e  descr ip t ion  of t h e  k i n e t i c s  of such  a system. 
Exper iments  i n  a CSTR b y  MacLean a n d  he in^"^) h a v e  shown t h e  f e a s i b i l i t y  
of producing l o w e r  m o l e c u l a r  w e i g h t  aldoses a n d  ketoses u s i n g  lead salts. 
as c a t a l y s t s .  
(12 )  Ackerlof,  G.C., a n d  M i t c h e l l ,  P.W.D., '*A S t u d y  of t h e  F e a s i b i l i t y  
of t h e  Regene ra t ion  of C a r b o h y d r a t e s  i n  a C l o s e d  C i r c u i t  R e s p i r a t o r y  
System", NASA C o n t r a c t  N A S r - 8 8  (1963). 
(13 )  MacLean, A . F . ,  a n d  He inz ,  W.E., U.S. P a t e n t  2,760,983 (1956).  
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11. Equipment a n d  O p e r a t i n q  Procedures .  
A l l  k i n e t i c  s t u d i e s  p r e s e n t e d  i n  t h i s  report  w e r e  carried o u t  i n  
a CSTR. A d e s c r i p t i o n  of t h e  feed sys tem,  reactor, a n d  mon i to r ing  devices 
f o l l o w .  
The Ca(OH)2 s l u r r y  and  aqueous  fo rma ldehyde  s o l u t i o n  w e r e  pumped 
by  C o l e  Parmer Wasterf1exm1? t u b i n g  pumps th rough  1/32'? and  1/16" tygon 
t u b i n g  r e s p e c t i v e l y .  
25 cc/min, w h i l e  formaldehyde  rate could  be v a r i e d  f r o m  0 t o  125 cc/min. The 
Ca(OH)2 s l u r r y  w a s  fed from a s i x  l i ter ,  m a g n e t i c a l l y  stirred, Erlenmeyer  
f l a sk  equipped  w i t h  a D r i e r i t e - A s c a r i t e  t u b e  t o  p r e v e n t  C02 con tamina t ion .  
Formaldehyde w a s  fed f r o m  a 20 l i ter  glass r e a g e n t  b o t t l e .  The r e a c t i o n  
v e s s e l  w a s  a 300cc, m a g n e t i c a l l y  stirred, h igh  f o r m  p y r e x  beaker. A combin- 
a t i o n  h o t p l a t e  stirrer a n d  a 1/8'? s t a i n l e s s  steel c o o l i n g  loop provided a 
The Ca(OH)2 feed rate c o u l d  be varied f r o m  0 t o  
s imul t aneous  c o o l i n g  ballast t o  t h e  reactor. Two 200 w a t t  qua r t z  immersion 
heaters on a c o n t r o l  c i r c u i t  m a i n t a i n e d  t e m p e r a t u r e  s t a b i l i t y .  The c o n t r o l  
c i r c u i t  c o n s i s t e d  of t h e  immersion h e a t e r s  on v a r i a c s  a n d  a Matheson 
"Lab Stat?? p r o p o r t i o n a l  c o n t r o l l e r  which s e n s e d  t h e  mercury l e v e l  i n  a 
thermometer  w i t h  0.1"C d i v i s i o n s .  I n  t h i s  way t e m p e r a t u r e  could be c o n t r o l l e d  
t o  +0.2OC. The reactor a l s o  c o n t a i n e d  t h r e e  c y l i n d r i c a l  baffles a n d  t w o  feed 
l i n e s .  Product  w a s  c o n t i n u o u s l y  withdrawn f r o m  t h e  r e a c t o r  b y  a n o t h e r  
t u b i n g  pump. 
t h e  h e i g h t  of t h e  product w i t h d r a w a l  l i n e .  For these s t u d i e s  t h i s  u n i t  w a s  
operated i n  t h e  f o l l o w i n g  manner. 
- 
The volume of f l u i d  i n  t h e  reactor c o u l d  be v a r i e d  b y  a d j u s t i n g  
The feed pumps w e r e  started a n d  set t o  t h e  desired c o n t r o l  p o i n t .  
Feed streams w e r e  t h e n  r e c y c l e d  t o  t h e  s t o r a g e  r e s e r v o i r s  f o r  t h i r t y  minu tes  
t o  a l l o w  t h e  pumping rates t o  come t o  s t e a d y - s t a t e .  Feed rates w e r e  t h e n  
i n d i v i d u a l l y  measured,  t h e  reactor f i l l e d ,  a n d  b rough t  t o  t h e  desired tempera- 
t u r e .  A s m a l l  amount of g l y c e r a l d e h y d e  w a s  t h e n  added t o  t h e  reactor t o  
speed a t t a i n i n g  s t e a d y - s t a t e .  A c t u a l l y  t h e  r e a c t i o n  i s  s e l f - i n i t i a t i n g  a n d  
no product a d d i t i o n  i s  n e c e s s a r y  i f  s u f f i c i e n t  t i m e  i s  a v a i l a b l e .  The 
reactor w a s  t h e n  r u n  from t e n  t o  f i f t e e n  r e s i d e n c e  t i m e s  t o  e n s u r e  s t e a d y -  
state c o n d i t i o n s .  To c o n f i r m  t h a t  s t e a d y - s t a t e  w a s  a t t a i n e d ,  if d u p l i c a t e  
c o n s e c u t i v e  HCHO measurement b y  Na2S03  t i t r a t i o n  i n  a f o u r  r e s i d e n c e  t i m e  
period w a s  had,  i t  w a s  presumed t h a t  t h e  t i m e  allowed t o  r e a c h  s t e a d y - s t a t e  
w a s  s u f f i c i e n t .  
Samples w e r e  t a k e n  i n  t h e  f o l l o w i n g  manner. A known volume of 
1-00 molar HC1 w a s  p ipet ted i n t o  a 200cc v o l u m e t r i c  f lask.  
acid w a s  a lways  i n  excess of t h a t  required t o  n e u t r a l i z e  t h e  Ca(OH)2 
c a t a l y s t  i n  t h e  p roduc t .  The e n t i r e  p roduc t  stream w a s  t h e n  fed i n t o  t h e  
f l a s k  u n t i l  f u l l .  T h i s  sample w a s  a l so  t i m e d  t o  check  t h e  f l o w  rate o u t  
The amount of 
6 
of t h e  reactor. A port ion of t h i s  acidulated sample w a s  back t i trated 
u n t i l  n e u t r a l  t o  t h y m a l p t h a l e i n  (PH 9.5) b y  1.OON NaOH. T h i s  back - t i t r a t ion  
provided t h e  basis f o r  c a l c u l a t i o n  of Cann izza ro  effects; a n d  t h e n ,  t h i s  
same n e u t r a l i z e d  sample w a s  u s e d  f o r  t h e  sodium s u l f i t e  test f o r  formalde- 
hyde. Another  portion w a s  adjusted t o  pH4  w i t h  NaOH and  freeze dried f o r  
g a s  chromatography.  The r ema in ing  acidulated sample w a s  r e f r i g e r a t e d  f o r  
later u s e  i n  t h e  ch romat rop ic  acid test f o r  formaldehyde .  
The C a ( 0 H )  f l o w  rate t o  t h e  reactor w a s  t h e n  changed and  measured ,  2 
t h e  reactor a g a i n  allowed t o  come t o  s t e a d y - s t a t e ,  followed b y  a n o t h e r  a n a l y s i s .  
I n  t h i s  way several experiments c o u l d  be performed i n  a g iven  t e n  hour  
period a t  c o n s t a n t  formaldehyde  feed rate. 
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111. 
Several series of e x p e r i m e n t s  w e r e  carried o u t  t o  d e t e r m i n e  t h e  
effect of formaldehyde  a n d  c a l c i u m  h y d r o x i d e  c o n c e n t r a t i o n s  on r e a c t i o n  rate. 
I n  a n y  g iven  series t h e  fo rma ldehyde  feed rate w a s  h e l d  c o n s t a n t  w h i l e  
Ca(0H) feed rate w a s  altered. By t h i s  means, p r o d u c t s  w e r e  p roduced  o v e r  
t h e  complete formaldehyde c o n v e r s i o n  r a n g e .  
2 
F i g u r e  ( 1 )  shows t h e  fo rma ldehyde  r e a c t i o n  rate as a f u n c t i o n  of 
t o t a l  c a l c i u m  m o l a r i t y  a t  6 0 O C .  The data f i t  a series of parallel s t r a i g h t  
l i n e s  w i t h  parameters of fo rma ldehyde  feed rate. Of c o u r s e ,  a t  v e r y  h i g h  
c o n v e r s i o n ,  r e a c t i o n  rate approximates feed rate a n d  l i n e a r i t y  i s  lo s t .  
I t  w a s  n o t e d  t h a t  a n  i n c r e a s e  i n  fo rma ldehyde  feed rate decreased t h e  
r e a c t i o n  rate a t  a n y  g iven  t o t a l  c a l c i u m  m o l a r i t y .  
order f u n c t i o n a l i t y  i n  fo rma ldehyde  i s  d u e  t o  Cann izza ro  r e a c t i o n  of t h e  
Ca(OH)2 c a t a l y s t .  I n  some cases as much as f i f t y  p e r c e n t  of t h e  Ca(OH)2 
w a s  reacted, a n d  so, c a l c i u m  salts  t h a t  are n o t  c a t a l y s t s  are i n c l u d e d  i n  
t h e  t o t a l  c a l c i u m  i n  t h e  reactor. 
T h i s  a p p a r e n t  n e g a t i v e  
F i g u r e  (2), a p lo t  of fo rma ldehyde  r e a c t i o n  rate v s .  Ca(OH)2 
c o n c e n t r a t i o n  i n  t h e  reactor, as d e t e r m i n e d  by  acid t i t r a t i o n  of t h e  p r o d u c t ,  
e l i m i n a t e d  t h e  parameters of fo rma ldehyde  feed rate a t  i n t e r m e d i a t e  c o n v e r s i o n  
levels. A t  t h e s e  c o n v e r s i o n  l e v e l s  formaldehyde  r e a c t i o n  rate i s  f i rs t  
order i n  Ca(OH)2 a n d  z e r o  order i n  fo rma ldehyde  a n d  p r o d u c t  c o n c e n t r a t i o n s ,  
o r  
fo rma ldehyde  r e a c t i o n  rate = k Ca(OH)2 
where  k = 3 .5 (min - l )  a t  6 0 O C .  
I n  order t o  e l i m i n a t e  C a n n i z z a r o  effects f r o m  t h e  fo rma ldehyde  
r e a c t i o n  rate data, formose r e a c t i o n  rate w a s  d e f i n e d  as ( formaldehyde  
r e a c t i o n  rate - 4 x Ca(OH)2 r e a c t i o n  r a t e )  as d e t e r m i n e d  b y  t h e  s t o i c h i o m e t r y  
of t h e  Cann izza ro  r e a c t i o n .  
4 HCHO + Ca(OH)2 3 (CHOO)2Ca + 2 CH30H 
F i g u r e  (3) records t h e  formose r e a c t i o n  rate as a f u n c t i o n  of Ca(0H) p r o d u c t  
m o l a r i t y .  One l i n e ,  i ndependen t  of HCHO c o n c e n t r a t i o n  i n  t h e  reactor, 
f i t s  i n t e r m e d i a t e  c o n v e r s i o n  l e v e l  data. A zero order rate c o n s t a n t  can  
be c a l c u l a t e d  f r o m  t h i s  s t r a i g h t  l i n e .  For t h e  formose r e a c t i o n  a t  60°C 
2 
-1 moles HCHO/Liter t h e  rate c o n s t a n t  i s  3 .15(min  ).  A comparison of (moles C a ( O H ) ~ / L i t e r  
F i g u r e s  2 a n d  3 shows t h a t  fo rma ldehyde  disappears ma in ly  b y  Cann izza ro  
r e a c t i o n  a t  l o w  c o n v e r s i o n  levels .  
These  i n v e s t i g a t i o n s  h a v e  a l so  conf i rmed t h a t  t h e  formose r e a c t i o n  
F i g u r e  (4)  a p lo t  of formose rate d i v i d e d  by  Ca(OH)2 i s  a u t o c a t a l y t i c .  
c o n c e n t r a t i o n  vs.  fo rma ldehyde  m o l a r i t y  i n  t h e  reactor show t h a t  t h i s  
8 
norma l i zed  rate passes th rough  a maximum as predicted b y  a n  a u t o c a t a l y t i c  
rate l a w .  F i g u r e  (5) where  t h e  no rma l i zed  rate is plot ted a g a i n s t  
formaldehyde  c o n v e r s i o n  a g a i n  shows t h i s  a u t o c a t a l y t i c  behav io r .  Moreover, 
t h e  p l a t e a u  i n  t h i s  plot  a t  i n t e r m e d i a t e  c o n v e r s i o n  l e v e l s  shows a g a i n  t h e  
zero order n a t u r e  of t h e  formose r e a c t i o n  b y  t h e  c o n s t a n c y  of rate a t  w i d e  
d i f f e r e n c e s  i n  r e a c t a n t  c o n c e n t r a t i o n .  
One series of expe r imen t s  w a s  carried o u t ,  a t  c o n s t a n t  formal- 
dehyde a n d  Ca(OH)2 feed rates w h i l e  t e m p e r a t u r e  w a s  varied, t o  d e t e r m i n e  
t h e  a c t i v a t i o n  e n e r g y  of t h e  formose r e a c t i o n .  T h i s  series gave  a set of 
r e a c t i o n  rate data which w a s  l o w e r  t h a n  expected when compared t o  t h e  rest 
of t h e  e x p e r i m e n t a l  data. The data do, however, show i n t e r n a l  c o n s i s t e n c y .  
F i g u r e  (6)  is  a n  A r r h e n i u s  plot  of t h e s e  data which y i e l d e d  a n  a c t i v a t i o n  
e n e r g y  of 16 K c a l / m o l e .  The p o i n t  (x)  r e p r e s e n t s  t h e  p r e v i o u s l y  ment ioned  
60°C zero order rate c o n s t a n t  v a l u e  of 3.15. 
A s t u d y  of t h e  Cann izza ro  effects i n  t h e  formose r e a c t i o n  shows 
t h a t  t h e s e  effects are dependent  on formaldehyde  c o n v e r s i o n  l e v e l .  F igure  (7)  , 
a p lo t  of Cann izza ro  rate v s .  formaldehyde  c o n v e r s i o n  rate w i t h  parameters 
of formaldehyde  feed rate, shows t h a t  Cann izza ro  rate passes th rough  a 
maximum at  i n t e r m e d i a t e  c o n v e r s i o n  leve ls ,  t h e n  a minimum at  h i g h e r  l e v e l s ,  
a n d  f i n a l l y  i n c r e a s e s  s h a r p l y  above 95% c o n v e r s i o n .  F i g u r e  (8) i s  a plot  
of e n  (Cannizzaro  r a t e / C a ( O H ) 2  c o n c e n t r a t i o n )  vs. en  (formaldehyde c o n c e n t r a -  
t i o n )  t a k e n  f r o m  b o t h  l o w  c o n v e r s i o n  data i n  t h e  CSTR a n d  f r o m  Acher lo f  
a n d  M i t c h e l l ' s  batch data a t  t h e  s a m e  60°C t empera tu re .  An approximate 
f i rs t  order dependency of t h e  Cann izza ro  r e a c t i o n  rate on formaldehyde  
c o n c e n t r a t i o n ,  as w e l l  as agreement  w i t h  b a t c h  data are shown on F i g u r e  ( 8 ) .  
A summary of t h e  e x p e r i m e n t a l  data may be f o u n d  i n  T a b l e  (1) 
w h i l e  a detailed T a b l e  of O p e r a t i n g  C o n d i t i o n s  a n d  R e s u l t s  i s  p r e s e n t e d  
i n  Appendix 11, 
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IV. D i s c u s s i o n  
The observed a u t o c a t a l y t i c  a n d  zero order k i n e t i c s  of t h e  formose 
r e a c t i o n  h a v e  been e x p l a i n e d  b y  t h e  p o s t u l a t i o n  of a series of fast  e q u i -  
l i b r i u m  r e a c t i o n s  which incorporate  t h e  observed f o r m a t i o n  of o r g a n i c  
complexes w i t h  Ca (OH) 2 .  
of t h e  r e s u l t i n g  rates of partial r e a c t i o n s ,  where  f o r  a series of fast  
c o n s e c u t i v e  e q u i l i b r i u m  r e a c t i o n s ,  
Herbo ( I 4 )  h a s  p r e v i o u s l y  d i s c u s s e d  Skrabal? s (15) r u l e  of t h e  e q u a l i t y  
2 L 
-I 
1 
2 
3 
v = v  - u  
P, t 
v = v  - v  
3 c 
v = v  - v  
1 1 
2 2 
3 3 
A - B  - 
B - C  
'c 
C A D  - 
t h  t h e  n e t  rate f o r  t h e  i r e a c t i o n ,  v i s  e f f e c t i v e l y  a c o n s t a n t  w h i l e  t h e  i 
a b s o l u t e  forward or  reverse rates f o r  a n y  of t h e s e  r e a c t i o n s  may be markedly  
d i f f e r e n t .  For example, t h e  f o l l o w i n g  t h r e e  r e a c t i o n s  proceed a t  i d e n t i c a l  
rates: 
3 
r e a c t i o n  i V V , i  i 
+ 
V i 
1 2a 120 024 120 000 
2 24 97 73 
3 24 10,432 10 408 
T h i s  fact  a l l o w s  s t e a d y - s t a t e  a p p r o x i m a t i o n s  t o  be carried o u t  on t h e  
reactive i n t e r m e d i a t e s  
f 3 
d t  = ZIA - klB - k2B + z2C = 0 
d(C)  -+ 4- 3 4- = k2B - k2C - k3C + k3D = 0 dt  
T h e r e f o r e  t h e  s y s t e m  w i l l  e x h i b i t  o v e r a l l  b e h a v i o r  as  if  t h e  r e a c t i o n  A e D 
w a s  o c c u r i n g  . 
L e t  u s  now d r a w  a n  a n a l o g y  w i t h  t h e  Ca(OH)2 c a t a l y z e d  c o n d e n s a t i o n  
of fo rma ldehyde  (A1) w i t h  c o n d e n s a t i o n  p r o d u c t ,  An7 of carbon number n.  
Ca (OH) 
A 1 + A  n -  An+l  
Ae 
A;A~ 
n + l  w i t h  e q u i l i b r i u m  c o n s t a n t  K = -
(14 )  Herbo, C., J.  Chim. Phys.  , 47, 454-73 (1950) .  
(15 )  Skrabal, A. ,  Mh. Chem., 2, 289 (1934) ;  74, 293 (1943). 
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where  superscr ipt  "e" d e n o t e s  t h e  c o n c e n t r a t i o n  a t  e q u i l i b r i u m .  Cons ide r  
t h i s  o v e r a l l  r e a c t i o n  as r e s u l t i n g  f r o m  f o u r  independen t  k i n e t i c  steps. 
Reac t ion  No .  Molecu la r  h o c  ess D e s c r i p t i o n  
complexing-decomplexing 
of formaldehyde  
complexing-decomplexing 
A*l 1 A1 + Ca(OH)2 e 
2 An + Ca(OH)2 e 
A*n of An 
3 
4 
A* + A*1 A*n+l + condensa t ion  of complexed n species 
A*n+l * An+l + Ca(OH)2 decomplexing-complexing 
of An+l  
where  A* r e p r e s e n t s  t h e  complexed f o r m  of A w i t h  n n 
F u r t h e r m o r e  d e f i n e  s as t h e  to ta l  number of active sites w h e r e ;  
S = + g1 A*k 
k=l  
= uncomplexed Ca(OH)2 + complexed o r g a n i c s  
= t o t a l  Ca(OH)2 as de te rmined  b y  acid t i t r a t i o n .  
The rate e x p r e s s i o n  a n d  e q u i l i b r i u m  c o n q t a n t  f o r  each  of t h e s e  s teps  f o l l o w ,  
w h e r e  QA* i s  t h e  f r a c t i o n  of ac t ive  sites complexed b y  A . n n 
Reac t ion  N o .  R a t e  Expres s ion  E q u i l i b r i 3 m  Const .  
3 
v = k A (l-QA* - K1 = 
1 1 1  1 'A*nQA*n+l 
1 
1 
2 
3 
3 
S-fr 8 (1-eA* -QA* -8 IS2 
3 
v = k Q  
4 4 A*n+l 4 A*n+l 1 n A*n+l 
4 
The overal l  e q u i l i b r i u m  c o n s t a n t  f o r  t h i s  s equence  becomes 
Ae 
K = -  n+l = K K K K  
A ~ ~ A ~ ~  1 2 3 4  
These  are o b v i o u s l y  n o t h i n g  m o r e  t h a n  a direct  a n a l o g y  t o  Langmuir- 
Hinehelwood t y p e  rate e x p r e s s i o n s .  S p a r i n g  t h e  reader t h e  algebra, a n  
e x p r e s s i o n  f o r  t h e  n e t  rate of t h e  overa l l  r e a c t i o n  may be developed f o r  
each  of t h e s e  k i n e t i c  steps assuming t h a t  p a r t i c u l a r  s t ep  i s  rate l i m i t i n g .  
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These  e x p r e s s i o n s  are t h e  direct a n a l o g y  of Langmuir-Hinshelwood r e l a t i o n -  
s h i p s  on a so l id  c a t a l y s t .  
R a t e  L i m i t i n g  Reac t ion  R a t e  Expres s ion  fo r  O v e r a l l  Reac t ion  
1 
2 
3 
4 
v =  I1 
+ K L  &?EL 
n A 
1 + K2An + K 4 A n + l  
K2K3 
3 1 A n + l  k2S An - -- 
v =  A1 
K 4  An+1 + 
l+KIA1 + K4An+1 K1K2 A1 
3 1 k K K S AIAn - An+l v =  3 1 2  
2 [1 + K A + K A .  + 1 1  2 n  
k K K K S AIAn - E 1 An+l 
v =  4 k 2 3  
1 + KIA1 + K2An + K1K2K3A1An 
E x p e r i m e n t a l l y  i t  h a s  been shown ( 4 y 5 )  t h a t  formaldehyde  a n d  condensa t ion  
products such as g l y c o l a l d e h d y e ,  g l y c e r a l d e h y d e ,  etc . are r e a d i l y  complexed 
a n d  t h e r e  i s  no  i n d i c a t i o n  t h a t  steps 1 a n d  2 are rate l i m i t i n g .  The rela- 
t i v e l y  l o w  a c t i v a t i o n  ene rgy  of 1 6  K c a l / m o l e  might  s u g g e s t  t h a t  t h e  
condensa t ion  r eac t ion  itself i s  n o t  rate l i m i t i n g .  T h i s  fact  would be 
ana logous  w i t h  g e n e r a l  o b s e r v a t i o n s  f o r  s u r f a c e  r e a c t i o n  c o n t r o l l e d  h e t e r  - 
ogeneous ly  c a t a l y z e d  sys tems.  More i m p o r t a n t ,  t h e r e  i s  no means of 
r a t i o n a l i z i n g  zero order b e h a v i o r  from t h e  t h i r d  rate expression. 
A s s u m e  t h a t  s t ep  4, t h e  decomplexing r e a c t i o n  i s  rate l i m i t i n g .  
I t  h a s  been shown S i n c e  complexing takes place so  r e a d i l y  K1 a n d  K2)> 1. 
b y  u s  a n d  a l s o  o t h e r  i n v e s t i g a t i o n s  ( 6 T 7 )  t h a t  t h e  formose r e a c t i o n  i s  
e f f e c t i v e l y  u n i d i r e c t i o n a l  
A + A 3 An+l 
1 n 
a n d  t h e r e f o r e  K 2 >  1. 
ex t r eme ly  h i g h  c o n v e r s i o n  l e v e l s )  expression 4 reduces t o  
v =  k4K1K2K3SA1An 
N e g l e c t i n g  t h e  r e v e r s e  reaction (which w o u l d  o n l y  be important  a t  
h 
KIAl + K2An + K K K A A 1 2 3 1 n  
1 2  
A t  l o w  conversion l e v e l s  where  Al>) An, 
6. 
v = k K K S A  4 2 3  n 
which implies a u t o c a t a l y t i c  b e h a v i o r .  Fu r the rmore ,  a t  i n t e r m e d i a t e  c o n v e r s i o n  
leve ls  s i n c e  K K >>1 t h e  K K K A A t e r m  i n  t h e  denominator  of t h e  rate k 8 3  1 2 3 1 n  
e x p r e s s i o n  w i l l  p r edomina te  a n d  t h e  rate e x p r e s s i o n  becomes, 
v = k4S 
c 
zero order i n  p r o d u c t  a n d  fo rma ldehyde  as e x p e r i m e n t a l l y  observed. A t  h i g h  
c o n v e r s i o n ,  a f irst  order r e l a t i o n s h i p  can  be developed 
6 
v = k4K1K3SA1 - ( r e v e r s e  rate) 
The v a l i d i t y  of t h i s  h a s  n o t  been  tested e x p e r i m e n t a l l y .  N o t  o n l y  t h e  
b e h a v i o r  of t h e  formose r eac t ion ,  b u t  also t h e  b e h a v i o r  of t h e  C a n n i z z a r o  
r e a c t i o n  can be a c c o u n t e d  f o r .  
A t  l o w  fo rma ldehyde  c o n v e r s i o n  leve ls ,  t h e  first order dependency-  
of t h e  Cann izza ro  reaction on fo rma ldehyde  a n d  Ca(OH)2 can  be explained 
as f o l l o w s  : Cons ide r  March s mechanism f o r  t h e  Cann izza ro  reaction 
- 
0 
I 
kcl  I 
RCHO + OH- __$ RCH 
- 
k 0 I 
I 
RCH + RCHO 2 RCOOH + R C H ~ O -  
OH 
which h a s  t h e  f o l l o w i n g  rate expression - 
0 
OH A steady state approx ima t ion  on t h e  i n t e r m e d i a t e  a n i o n  
0- 
- I 
I 0 
d RCH 
OH I 
d t  kcl (RCHO) (OH-) - kc2 (RYH) (RCHO) = 0 
OH 
r e d u c e s  t h e  Cannizzaro rate expression t o  
(RCHO) (OH-) d(RCH0) - dt  - kcl 
The m a x i m u m  i n  t h e  Cann izza ro  rate a t  i n t e r m e d i a t e  c o n v e r s i o n  levels m u s t  
fo l low.  C o n s i d e r  a g a i n  t h e  C a n n i z z a r o  rate e x p r e s s i o n  fo r  formaldehyde  
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r = k 'HCHO Ca(OH)2 
C C 
w h e r e  k = 2kcl 
C 
a n d  t h e  rate e x p r e s s i o n  fo r  t h e  formose r e a c t i o n  
where  Aol  i s  t h e  i n l e t  fo rma ldehyde  c o n c e n t r a t i o n  i n t o  t h e  reactor a n d  T 
i s  t h e  r e s i d e n c e  t i m e ,  S i n c e  g e n e r a l l y  r f> rc 
&hZ& = 6 k4 Ca(OH)2 
T 
Fur the rmore  d e f i n e  f r a c t i o n a l  c o n v e r s i o n  x such  t h a t  
(1-x)  = 
A"1 
r C = kc Ca(OH)2A"1(1-x) 
a n d  
s u b s t i t u t i n g  a n d  d i f f e r e n t i a t i n g  t h e  rate e x p r e s s i o n  t o  f i n d  t h e  f r a c t i o n a l  
c o n v e r s i o n  where  t h e  d i f f e r e n t i a l  of t h e  rate e q u a l s  zero. W e  f i n d  t h a t  
t h e  maximum w i l l  o c c u r  a t  50% c o n v e r s i o n .  A d m i t t e d l y  t h i s  i s  a n  over- 
simplified approach ,  f o r  o t h e r  a l d e h y d e s  i n  t h e  sys t em may a l s o  undergo 
Cann izza ro  r e a c t i o n ,  b u t  it does q u a l i t a t i v e l y  a c c o u n t  f o r  t h e  observed 
b e h a v i o r  of Cann izza ro  p a s s i n g  th rough  a miximum a t  i n t e r m e d i a t e  c o n v e r s i o n  
l e v e l s .  
A t  extreme c o n v e r s i o n  levels ,  e .g .  95%, where  c o n d i t i o n s  are forced, 
it i s  n o t  u n r e a s o n a b l e  t h a t  Cann izza ro  r e a c t i o n  of p r o d u c t s  becomes e x c e s s i v e .  
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V. A n a l y t i c a l  Techniques  a n d  Observations 
The main barrier t o  t h e  precise d e t e r m i n a t i o n  of t h e  k i n e t i c s  of 
t h e  formose r e a c t i o n  i s  t h e  a n a l y s i s  of t h e  r e a c t i o n  p r o d u c t s .  Formose i s  
believed t o  c o n s i s t  of u n r e a c t e d  formaldehyde ,  g l y c o l a l d e h y d e ,  C -C aldoses 
a n d  ketoses a n d  b ranched  c h a i n  s u g a r s  which are n o t  f o u n d  i n  n a t u r a l  carbo- 
h y d r a t e  m i x t u r e s .  Due t o  Cann izza ro  effects t h e s e  compounds may be p r e s e n t  
i n  oxidized or reduced forms. 
3 8  
The f o l l o w i n g  t e c h n i q u e s  are now b e i n g  employed t o  r e a c h  q u a n t i t a -  
t i v e  a n d  q u a l i t a t i v e  c o n c l u s i o n s  c o n c e r n i n g  t h e  n a t u r e  of formose r e a c t i o n  
p r o d u c t s .  Detailed a n a l y t i c a l  p r o c e d u r e s  are p r e s e n t e d  i n  Appendix 1. 
Formaldehyde c o n c e n t r a t i o n s  are de te rmined  b y  t w o  independent  
The sodium s u l f i t e  test (I6) i s  based on t h e  r e a c t i o n ;  
methods,  t h e  sodium s u l f i t e  a n d  ch romot rop ic  acid tests. 
HCHO + Na2S03  + H 0 3 NaOH + CH2(NaS03)0H 2 
a n d  t h e  subsequent  n e u t r a l i z a t i o n  by  HC1 of t h e  NaOH formed. T h i s  t e c h n i q u e  
w a s  u s e d  t o  g i v e  a rapid estimate of formaldehyde  c o n c e n t r a t i o n s  i n  t h e  
r e a c t i o n  product. It  h a s  been ‘shown, however, t h a t  t h e  s o d i u m  s u l f i t e  test 
i s  n o t  specific t o  formaldehyde  d u e  t o  i n t e r f e r e n c e  of l o w e r  mo lecu la r  
we igh t  aldoses a n d  k e t o s e s ,  which are r e a c t i o n  products. T a b l e  (2)  shows 
t h e  f r a c t i o n a l  r e c o v e r y  (moles NaOH liberated/mole of aldose o r  ketose) fo r  
some aldoses a n d  ketoses. A s  a r e s u l t  of t h i s  o b s e r v a t i o n  t h e  h i g h l y  specific 
ch romot rop ic  acid test w a s  employed. 
Chromotropic  acid (4,5-Dihydroxynapthalene-2 , 7 - d i s u l f  o n i c  acid) 
reacts w i t h  formaldehyde  i n  t h e  p r e s e n c e  of c o n c e n t r a t e d  s u l f u r i c  acid a t  
elevated t e m p e r a t u r e s  t o  g i v e  a c h a r a c t e r i s t i c  v i o l e t  co lor  which c a n  be 
moni to red  c o l o r i m e t r i c a l l y  a t  570my. The p r o c e d u r e  of B r i c k e r  a n d  Johnson (17 1 
w a s  s l i g h t l y  modified b y  c o n s i s t a n t l y  u s i n g  a 10 ul aqueous  sample whose 
formaldehyde  m o l a r i t y  w a s  between 0.03 t o  0.11. R e s u l t s  w e r e  reproducible t o  
w i t h i n  0.5% of f u l l  scale color imeter  r e a d i n g .  A comparison of t h e  r e s u l t s  
o b t a i n e d  b y  t h e  sodium s u l f i t e  a n d  ch romot rop ic  acid tests . i s  shown i n  f i g u r e  (9)  - 
When t h e  c o n v e r s i o n  leve l  of formaldehyde ,  as calculated u s i n g  t h e  r e s u l t s  of 
t h e  t w o  tests,  w a s  compared t h e  r e s u l t s  w e r e  ident ical  t o  w i t h i n  experimental 
(16) Walker , J . F. , *?Formaldehyde, Amer  . Chern, SOC. Monograph Series, 
(17) Bricker,  C.E. a n d  Johnson ,  H .R . ,  I n d .  Eng. Chem., 27, 400-407 (1945) .  
N o .  159 ,  p. 486, 3rd Ed. ,  Reinhold  Pub. Corp. , N.Y. (1964). 
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error u p  t o  c o n v e r s i o n  leve ls  of 95% where s o m e  i n t e r f e r e n c e  w i t h  t h e  chromo- 
t ropic  acid test w a s  n o t e d  b y  a rose color ins tead  of t h e  c h a r a c t e r i s t i c  
v i o l e t  color. F i g u r e  (10) shows t h i s  comparison w i t h  parameters of r e a c t i o n  
s e l e c t i v i t y  t o  g l y c o l a l d e h y d e .  The agreement  of t h e  t w o  tests i s  a n  indica- 
t i o n  t h a t  s e l e c t i v i t y  of t h e  f ormose r e a c t i o n  t o  l o w e r  mo lecu la r  we igh t  aldoses 
a n d k e t o s e s i s  m i n i m a l  under  t h e  c o n d i t i o n s  used  i n  t h i s  experimental s tudy .  
A n a l y s i s  of t h e  condensa t ion  p r o d u c t s  of t h e  formose reaction does no t  
l e n d  itself t o  w e t  chemica l  tests d u e  t o  t h e  complex n a t u r e  of t h e  p roduc t  
m i x t u r e .  
t o g r a p h y  of t h e  t r i m e t h y l s i l y l  (TMS) e t h e r  d e r i v a t i v e s  of c a r b o h y d r a t e s  and  
t h e i r  c o r r e s p o n d i n g  oxidized a n d  r educed  forms h a s  been e x t e n s i v e .  
I n  t h e  past f i v e  y e a r s ,  however, l i terature (18) on t h e  gas chroma- 
T r i m e t h y l c h l o r o s i l a n e  (TMCS) reacts q u a n t i t a t i v e l y  w i t h  a hydroxy l  
g roup  i n  t h e  p r e s e n c e  of h e r a m e t h y l d i s i l a z a n e  (HMDS) a n d  p y r i d i n e  t o  g i v e  a 
TMS e t h e r  f u n c t i o n  S i ( C H 3 I 3  
I 
OH 0 
I 
-C - I HMDS (CH3)3SiC1 + -C- Pyr  i d i n  e 
The r e s u l t i n g  e t h e r  i s  s u f f i c i e n t l y  v o l a t i l e  t o  l e n d  itself t o  g a s  chromato-  
graphy * 
A 50 f o o t  Perkin-Elmer Suppor t  Coated Open Tubular  (SCOT) column w i t h  
OV-17 methyl  pheny l  s i l i c o n e  gum l i q u i d  phase ,  as described by  A v e r i l l  (19)  
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w a s  used  fo r  s e p a r a t i o n  of t h e  TMS d e r i v a t i v e s .  The a d v a n t a g e s  of t h i s  column 
ove r  a c o n v e n t i o n a l  packed  column are bet ter  r e s o l u t i o n ,  s h a r p e r  peaks ,  a n d  
r e l a t i v e l y  s h o r t  a n a l y s i s  t i m e  (-45 m i n u t e s ) .  The procedure of f o r m a t i o n  of 
t h e  p S  d e r i v a t i v e s  i s e b a s i c a l l y  t h a t  of Sweeley (20 ) ,  where a t w o  t o  one  
volumetr ic  m i x t u r e  of HMDS a n d  TMCS i s  reacted w i t h  a sample d i s s o l v e d  e i t h e r  
i n  p y r i d i n e  or a c e t o n i t r i l e .  The f o l l o w i n g  expe r imen t s  w e r e  conduc ted  i n  
order t o  conf i rm S w e e l e y P s  r e s u l t s  a n d  adopt t h e  procedure t o  o u r  specific 
needs . 
Exper iments  w e r e  conduc ted  a t  Worcester P o l y t e c h n i c  I n s t i t u t e  on a 
Perkin-Elmer Model 900 g a s  chromatograph equipped  w i t h  d u a l  flame i o n i z a t i o n "  
detectors, c a p i l l a r y  i n l e t  sys tem a n d  t h e  OV-17 column p r e v i o u s l y  described. 
T y p i c a l  o p e r a t i n g  c o n d i t i o n s  are i n j e c t o r  a n d  detector temperature 22OoC, 
column, l i n e a r  t e m p e r a t u r e  program from 100' t o  220°C a t  4"C/min, N2 carrier 
a t  4 cc/min STP. 
(18) "A B i b l i o g r a p h y  of S i l y l a t i o n t r  P i e r c e  Chem. Co. 1967. 
(19 )  A v e r i l l ,  W . ,  Perkin-Elmer I n s t r u m e n t  N e w s ,  18, N o .  2 ,  p. 10. 
(20 )  Sweeley,  C.C., B e n t l e y ,  R . ,  Maki ta ,  M . ,  a n d  W e l l s ,  W . W . ,  J .  h e r .  Chem. 
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SOC. , 85, 2497-2507 (1963). 
E t h y l e n e  g l y c o l ,  i n  q u a n t i t i e s  r a n g i n g  f r o m  0.05 t o  0.50 m l .  w a s  
s i ly la ted  i n  2.0 m l  a c e t o n i t u l e  b y  1 .0  m l  HMDS a n d  0.5 m l  TMCS t o  d e t e r m i n e  
t h e  practical s i l y l a t i n g  capacities of these r e a g e n t s .  Maximum sample 
q u a n t i t y  i s  0.10 m l ,  as shown b y  F i g u r e  ( 1 1 ) ,  a p l o t  of relative detector 
r e s p o n s e  vs.  m l .  e t h y l e n e  g l y c o l .  B e l o w  t h e  1.0 m l .  sample l e v e l ,  detector 
r e s p o n s e  i s  l i n e a r  w i t h  sample s ize .  T h i s  i s  shown i n  F i g u r e  (12 )  which 
records t h e  r e s u l t s  of e x p e r i m e n t s  made u s i n g  f r o m  0.02 t o  0.10 m l .  bf a 
50/50 w e i g h t  % m i x t u r e  of e t h y l e n e  g l y c o l  a n d  g l y c e r o l  w i t h  2.0 m l .  
p y r i d i n e ,  1.0 m l .  HMDS a n d  0.5 m l .  TMCS. 
It  w a s  f o u n d  t h a t  w a t e r  does n o t  i n t e r f e r e . . w i t h  t h e  l i n e a r  r e s p o n s e  of 
t h e  detector. F i g u r e  (13) shows r e s u l t s  o b t a i n e d  of t h e  50/50 e t h y l e n e  
g l y c o l - g l y c e r o l  m i x t u r e  a i l u t e d  w i t h  as much as f o u r  t i m e s  t h e  q u a n t i t y  of 
water. However  great care must be t a k e n  t o  avoid f l a s h i n g  d u r i n g  s i l y l a t i o n ,  
s i n c e  t h e  r e a c t i o n  of TMCS w i t h  w a t e r  i s  rapid a n d  exothermic. 
Exper iments  w h e r e  a m i x t u r e  of  e t h y l e n e  g l y c o l  , g l y c e r o l ,  e r y t h r i t o l ,  
a r o b i t o l ,  a n d  m a n n i t o l  w e r e  dissolved i n  p y r i d i n e  a n d  s i l y l a t e d  show t h a t  
t h e  flame i o n i z a t i o n  detector g a v e  a c o n s t a n t  r e s p o n s e  (peak area/gm) f o r  a l l  
t h e s e  compounds t o  w i t h i n  - 10%. + 
F u r t h e r  e x p e r i m e n t a t i o n  w a s  c o n d u c t e d  a t  A m e s  Research  C e n t e r  u s i n g  a 
s i m i l a r l y  e q u i p p e d  Perkin-Elmer Model 800 g a s  chromatograph,  t h e  OV-17 
column, a n d  t h e  same o p e r a t i n g  c o n d i t i o n s  as p r e v i o u s l y  described. 
C a r b o h y d r a t e  r e f e r e n c e  s t a n d a r d s  m o s t  of which w e r e  "Att g r a d e  f r o m  
C a l .  Biochem. w e r e  i n d i v i d u a l l y  dissolved i n  p y r i d i n e  a n d  s i l y l a t e d .  The 
OV-17 column separated anomers of e r y t h r o s e ,  a r a b i n o s e ,  l y x o r e ,  x y l o r e ,  
r ibose,  g a l a c t o s e ,  mannose, f r u c t o s e ,  a n d  g l u c o s e .  Sweeley h a s  o b s e r v e d  
similar b e h a v i o r  on a SE-52 s i l i c o n e  gum packed column. 
a l so  coraf irmed t h e  o b s e r v a t i o n  t h a t  d i h y d r o x y a c e t o n e  a n d  g l y c e r a l d e h y d e  are 
p r e s e n t  m a i n l y  as dimers. T a b l e  (3) i s  a comparison of re la t ive r e t e n t i o n  
t i m e  data o b t a i n e d  i n  t h i s  s t u d y  u s i n g  t h e  OV-17 column a n d  a 10O"-24O0C 
l i n e a r  t e m p e r a t u r e  program a t  4"C/min, S w e e l e y ' s  r e s u l t s  on t h e  SE-52 
column a t  14OoC, a n d  A v e r i l l ' s  r e s u l t s  on t h e  OV-17 column l i n e a r  tempera- 
t u r e  program 150"-200°C a t  2.S0C/rnin. Re la t ive  r e t e n t i o n  t i m e  data 
p r e s e n t e d  i n  t h i s  s t u d y  w e r e  o b t a i n e d  i n  t h e  f o l l o w i n g  manner. 
These  s t u d i e s  
Due t o  t h e  fac t  t h a t  t h e  a b s o l u t e  v a l u e  of t h e  r e t e n t i o n  t i m e  c o u l d  
v a r y  as much as -0.5 m i n u t e s ,  even after t h e  carrier gas f l o w  rate a n d  t h e  
t i m e  t h e  column w a s  allowed t o  soak a t  t h e  i n i t i a l  t e m p e r a t u r e  h a d  been 
r i g o r o u s l y  c o n t r o l l e d ,  r e l a t i v e  r e t e n t i o n  t i m e s  were c a l c u l a t e d  b y  u s i n g  a 
m i x t u r e  of known compounds. S e v e r a l  m i x t u r e s  of compounds whose r e t e n t i o n  
t i m e s  f e l l  i n t o  a r a n g e  of less t h a n  7 m i n u t e s  w e r e  b u i l t  up o n e  compound 
+ 
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a t  a t i m e  which allowed posi t ive i d e n t i f i c a t i o n  of t h e  components of t h e  
m i x t u r e .  A m a x i m u m  d e v i a t i o n  of -0.05 m i n u t e s  i n  t h e  r e t e n t i o n  t i m e  
d i f f e r e n c e  between 2 peaks i n  a n y  g iven  m i x t u r e  c o u l d  be a t t a i n e d .  The 
v a l u e s  of relative r e t e n t i o n  t i m e s  p r e s e n t e d  i n  t h i s  report are f o r  a 
m i x t u r e  where t h e  r e t e n t i o n  t i m e  of p-g lucose  w a s  29.6 minutes .  The r e f e r e n c e  
s t a n d a r d  f o r  g l y c e r a l d e h y d e  showed a d i s t r i b u t i o n  of s e v e r a l  peaks whose 
r e t e n t i o n  t i m e s  w e r e  between 24 a n d  26 minu tes ,  t h e  major of which w a s  
a t  25.7 minu tes .  A m i x t u r e  of g l y c e r a l d e h y d e  a n d  d ihydroxyace tone  i n t e n s i -  
f i e d  t h e  first peak of t h e  g l y c e r a l d e h y d e  series. An exper iment  where  
g l y c e r a l d e h y d e  w a s  r e c r y s t a l l i z e d  f r o m  e t h a n o l  i n  a n  e f f o r t  t o  e l i m i n a t e  
i m p u r i t i e s  s h i f t e d  t h e  major peak t o  t h e  first i n  t h e  series i n d i c a t i n g  
a n  i s o m e r i z a t i o n  t o  d ihydroxyace tone  w h i l e  o t h e r  i m p u r i t i e s  w e r e  n o t  
e l i m i n a t e d .  
+ 
Another  series of expe r imen t s  w e r e  conduc ted  w i t h  ribose t o  d e t e r m i n e  
t h e  effect of t h e  p y r i d i n e  s o l v e n t  on t h e  d i s t r i b u t i o n  of anomers a n d  
i s o m e r i z a t i o n  t o  o t h e r  f i v e  ca rbon  aldoses. One sample w a s  s i l y l a t e d  
immedia te ly  after it had  d i s s o l v e d  i n  room t e m p e r a t u r e  p y r i d i n e  w h i l e  3 
others  w e r e  h e a t e d  i n  70°C p y r i d i n e  f o r  30, 120, a n d  450 minu tes  before 
s i l y l a t i o n .  A t y p i c a l  chromatogram of ribose h a s  3 peaks. 
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T a b l e  (4) shows t h e  relative peak areas f o r  t h e  t h r e e  peaks after t h e  
t r e a t m e n t  i n  p y r i d i n e .  Some a n o m e r i z a t i o n  b u t  no  i s o m e r i z a t i o n  t o  o t h e r  
aldoses w a s  obse rved .  
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summary, t h e  f o l l o w i n g  c o n c l u s i o n s  are a p p a r e n t .  
The C.S.T.R. h a s  proved t o  be a n  e x c e l l e n t  means of s t u d y i n g  t h e  
k i n e t i c s  of t h e  formose r e a c t i o n .  
The o b s e r v e d  a u t o c a t a l y t i c  a n d  zero order n a t u r e  of t h e  formose 
r e a c t i o n  appears t o  be t h e  r e s u l t  of complexing-decomplexing 
react i o n s  . 
The u s e  of Langmuir-Hinshelwood t y p e  k i n e t i c s  s h o u l d  prove t o  
be a v a l u a b l e  t o o l  i n  t h e  d e s c r i p t i o n  of t h e  k i n e t i c s  of 
homogeneously c a t a l y z e d  sys tems.  
C o n s i d e r a b l e  p r o g r e s s  h a s  been made i n  d e v e l o p i n g  gas  -chromato - 
g r a p h i c  t e c h n i q u e s  f o r  t h e  a n a l y s i s  of f ormose r e a c t i o n  p r o d u c t s .  
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APPENDIX I 
Sodium S u l f i t e  T e s t  f o r  Formaldehyde 
( 1 )  T r a n s f e r  50 m l .  of a 1 molar sodium s u l f i t e  s o l u t i o n  t o  a 250 m l  
Erlenmeyer  f lask.  
(2 )  A d d  5 drops of t h y m o l p h t h a l e i n  i n d i c o l o r  s o l u t i o n  (0.1% i n  eXhanol) 
(3) N e u t r a l i z e  sodium s u l f i t e  s o l u t i o n  w i t h  1 molar HC1 u n t i l  b l u e  color 
disappears ( o n e  or  t w o  drops w i l l  s u f f i c e )  
(4) Add v o l u m e t r i c a l l y  a n e u t r a l  sample of t h e  s o l u t i o n  t o  be a n a l y z e d .  
T h i s  sample s h o u l d  n o t  c o n t a i n  more t h a n  0.025 moles of f o r m a l d e h y d e  
( 5 )  St i r  m a g n e t i c a l l y  a n d  t i t r a t e  s l o w l y  w i t h  a n a l y t i c a l  s t a n d a r d  NaOH 
u n t i l  b l u e  color  disappears. The e n d p o i n t  i s  n o t  e x t r e m e l y  s h a r p ,  
t h e r e f o r e  keep a r e f e r e n c e  b l a n k  f o r  comparison.  
(6) The molar i ty  of HCHO i n  t h e  sample i s  c a l c u l a t e d  as fo l lows:  
molar i ty  of NaOH)(ml NaOH) HCHO m o l a r i t y  = ( 
, ( m l  sample)  
Chromotropic  A c i d  T e s t  f o r  Formaldehyde 
( 1 )  Turn on s p e c t r o p h o t o m e t e r  (Bausch a n d  Lomb Model 20) a n d  check t o  
see t h a t  wavelength  i s  set t o  570mp. Allow a t  least 30 m i n u t e s  f o r  
t h e  i n s t r u m e n t  t o  w a r m  up. 
( 2 )  D i l u t e  samples t o  be a n a l y z e d  t o  a formaldehyde  c o n c e n t r a t i o n  between 
(0.03 - 0.11)  molar u s i n g  p ipe t tes  a n d  v o l u m e t r i c  f lasks.  Always 
u s e  d i s t i l l ed  water. 
(3) Make u p  Chromotropic  acid so l .  (0.10 gm of t h e  d isodium salt  ( A l d r i c h  
Chem Co.)/ml.  d i s t i l l e d  H20.  T h i s  so l .  w i l l  be u s e f u l  f o r  48 h o u r s .  
After t h i s  t i m e  period t h e  acid w i l l  t u r n  dark a n d  affect  t h e  r e s u l t s  
of t h e  test. 
(4 )  I n j e c t  0.5 m l  of t h e  c h r o m o t r o p i c  acid s o l .  u s i n g  a 1 .0  m l  t u b e r c u l i n  
s y r i n g e  i n t o  a g r a d u a t e d  10 m l  glass stoppered test t u b e .  
(5) I n j e c t  10.0 p l  of t h e  s o l .  t o  be a n a l y z e d  i n t o  t h e  test t u b e  c o n t a i n i n g  
t h e  c h r o m o t r o p i c  acid. A s t a n d a r d  10 p 1  s y r i n g e  f r o m  Hamilton i s  
recommended. 
(6 )  P i p e t t e  5.0 m l  c o n c e n t r a t e d  H2SO4 d i r e c t l y  down t h e  c e n t e r  of t h e  
test t u b e  c o n t a i n i n g  t h e  c h r o m o t r o p i c  acid a n d  sample. T h i s  w i l l  
e l i m i n a t e  mixing  problems later on.  
( 7 )  Rotate t h e  test t u b e  on a n  a n g l e  such  t h a t  t h e  s o l u t i o n  w e t s  t h e  w a l l s ,  
u p  t o  t h e  10 m l  l i n e .  
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(8) S t o p p e r  t h e  test  t u b e  a n d  place i n  b o i l i n g  water f o r  30 min. 
( 9 )  While  t h e  s o l u t i o n  i s  i n  t h e  b o i l i n g  w a t e r  bath a d j u s t  t h e  l e f t  hand 
knob of t h e  s p e c t r o p h o t o m e t e r  t o  0% t r a n s m i t t a n c e  w i t h  no c u v e t t e  
i n  t h e  h o l d e r  a n d  t h e  door c l o s e d .  F i l l  t h e  c u v e t t e  t o  be u s e d  w i t h  
d i s t i l l e d  w a t e r ,  make s u r e  t h a t  t h e  o u t s i d e  of t h e  c u v e t t e  i s  9. 
I n s e r t  t h e  c u v e t t e  i n t o  t h e  h o l d e r ,  close t h e  cover a n d  a d j u s t  t h e  
r i g h t  hand knob u n t i l  t h e  i n s t r u m e n t  reads 100% t r a n s m i t t a n c e .  The 
i n s t r u m e n t  i s  now r e a d y  f o r  u s e .  
(10) When t h e  samples h a v e  been  h e a t e d  f o r  30 m i n u t e s  remove them from t h e  
b a t h  a n d  quench i n  a n  ice  b a t h .  
(11 )  T r a n s f e r  t h e  e n t i r e  c o n t e n t s  of t h e  test  t u b e  t h r o u g h  a 35 mm f u n n e l  
i n t o  a 50cc v o l u m e t r i c  f lask.  T h i s  c a n  be done  b y  r i n s i n g  t h e  l i p  
a n d  i n s i d e  of t h e  test t u b e  s e v e r a l  t i m e s  a n d  t r a n s f e r r i n g  t h e  r i n s e  
w a t e r  t o  t h e  volumetr ic  f lask .  F i l l  t h e  v o l u m e t r i c  f lask t o  t h e  
mark a n d  l e t  t h e  c o n t e n t s  come t o  room t e m p e r a t u r e .  Check l e v e l  
a g a i n  a n d  add water i f  n e c e s s a r y .  Stopper t h e  f l a s k  a n d  m i x  c o n t e n t s  
w e l l .  
( 1 2 )  R i n s e  t h e  c u v e t t e  w i t h  t h e  d i l u t e d  sample 3 t i m e s ,  w i p e  o u t s i d e  d r y ,  
i n s e r t  i n t o  i n s t r u m e n t ,  close cover a n d  read % t r a n s m i t t a n c e .  
(13) C a l i b r a t i o n  c u r v e  w i l l  g i v e  a s t r a i g h t  l i n e  when l o g  (% t r a n s m i t t a n c e )  
i s  p lo t t ed  a g a i n s t  formaldehdye  c o n c e n t r a t i o n .  
(14 )  What ever you do be c o n s i s t e n t !  
P r e p a r a t i o n  of TMS Derivatives 
of Formose React i o n  P r o d u c t s  
(1) A d j u s t  t h e  Ph of t h e  a c i d u l a t e d  formose r e a c t i o n  p r o d u c t s  t o  3-4. 
(2)  Freeze d r y  t h e  above sample. 
(3) I n  a 5 m l  p las t ic  stoppered v i a l  d i s s o l v e  50 mg of t h e  freeze dried 
sample i n  1.0 m l  p y r i d i n e .  ( h e a t i n g  i s  r e q u i r e d  i n  some cases). 
(4) A d d  1.0 m l  HMDS followed b y  dropwise a d d i t i o n  of 0.5 m l  TMCS. Stopper 
v i a l ,  a g i t a t e  f o r  30 seconds ,  a n d  a l l o w  t o  s t a n d  24  h o u r s  before 
a n a l y s i s .  
Carbohydrate Reduct ion  P r o c e d u r e  
(1) 
( 2 )  A d d  25  mg NaBH4. 
(3) L e t  s t a n d  fo r  s e v e r a l  h o u r s .  
I n  a 5 m l  v i a l  dissolve 50 m g  of freeze dried sample i n  0.5 m l  H20 
(4) Des t roy  excess NaBH4 by  a d d i n g  HC1 u n t i l  s o l u t i o n  i s  Ph 3. 
t o  100 m l  round bottom b l a s k .  
T r a n s f e r  
(5) A d d  50 m l  methanol  a n d  d r y  on a r o t a r y  e v a p o r a t o r .  
( 6 )  Dissolve r educed  s o l i d  i n  2 m l  b o i l i n g  p y r i d i n e  and  s i l y l a t e  b y  s a m e  
p r o c e d u r e  used  f o r  f ormose r e a c t i o n  p r o d u c t s .  
APPENDIX 
Run No, 
Temperature "C 
Residence Time 
( m i n u t e s  ) 
Formaldehyde Concen - 
t r a t ion  i n  Combined 
Feed (moles/l i ter)  
Ca (OH) Concen tra - 
t ion i n  combined 
Feed (moles/liter ) 
Formaldehyde Concen - 
t r a t ion  i n  Reactor by 
N a  SO (moles/l i ter)  
Formaldeliyde Concen - 
t r a t ion  by Chromo- 
t ropic  acid 
(moles/liter ) 
2 3  
Ca(OH)2  Concentration 
i n  Reactor 
(moles/lit er ) 
Formaldehyde Conver - 
s i o n  by Na2S03 (W) 
Formaldehyde Conver - 
sion by Chromotropic 
acid (W) 
Ca (OH) Conversion ( W )  
Formaldehyde Reaction 
rate by Na2S03 
(moles/liter/min) 
Formaldehyde Reaction 
Rate by Chromotropic 
acid (moles/liter/min) 
Formose Experimental Data 
730-1 730-2 730-3 731-1 731-2 731-3 805-3 805-5 
60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 
4.71 4.94 5.37 4.60 5.33 4.39 4.92 5.32 
3.73 3.87 4.22 3.56 4.15 3.36 4.20 4.55 
0.221 0.176 0.070 0.269 0.098 0.329 0.254 0.163 
0.83 1.65 3.99 0.30 3.14 0.08 0.95 2.39 
0.65 1.70 4.13 0.32 3.23 0.18 0.96 2.47 
I 
0.198 0.133 0.047 0.252 0.063 0.315 0.187 0.117 
77.9 57.3 5.5 91.5 24.3 97.7 77.7 48.6 
82.6 56.1 2.1 91.5 22.2 94.6 77.1 45.7 
10.3 24.8 33.5 6.5 35.7 4.1 26.4 28.2 
0.618 0.449 0.044 0.709 0.189 0.747 0.663 0.416 
0.654 0.439 0.017 0.704 0.173 0.724 0.659 0.391 
Ca(OH)2 Reaction rate 
(moles/liter/min x lo2 .485 -886 .438 -379 .660 -310 1.36 .864 
805-6 806-2 806-3 806-4 807-1 807-2 807-4 807-5 807-6 808-2 808-3 
60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 
5.57 4.75 4.97 5.36 4.24 4.57 4.76 4.92 5.42 4.56 4.44 
4’.83 1.67 1.76 1.92 1.48 1.57 1.78 1.84 2.03 0.65 0.65 
0.077 0.340 0.258 0.103 0.155 0.093 0.077 0.066 0.030 0.052 0.051 
4.70 0.32 0.09 0.22 0.76 1.06 2.01 0.06 0.03 
4.73 0.04 0.04 0.32 0.09 0.16 0.77 1.12 2.05 0.08 0.04 
0.047 0.300 0.230 0.089 0.113 0.087 0.054 0.047 0.021 0.040 0.040 
2.7 100.0 100-0 82.1 94.2 85.7 57.4 42.2 1.0 89.4 95.6 
2.1 97.6 97.7 83.3 93.9 89.8 56.7 39.1 --- 87.7 93.8 
39.1 11.8 10.1 13.7 1.1 7.2 29.5 28.8 29.5 22.3 20.6 
0.024 0.352 0.354 0.297 0.329 0.293 0.215 0.158 0.004 0.127 0.140 
0.018 0.343 0.346 0.297 0.328 0.308 0.212 0.146 0.000 0.125 0.137 
.538 .845 .521 -263 -031 -147 .475 .385 -164 .254 .273 
813-1 813-3 813-4 813-5 814-1 814-2 816-1 816-2 816-3 816-4 
70.0 65.0 60.0 55.0 55.0 50.0 60.0 60.0 60.0 60.0 
5.84 5.93 5.91 5.91 5.74 5.74 5-24 5.43 5.90 4.74 
3..05 3.05 3.05 3.05 3.00 3.00 4.92 5.11 5.60 4.41 
0.168 0.171 0.170 0.170 0.167 0.167 0.290 0.243 0.122 0.413 
0.04 0.54. 1.13 1.75 1.78 ---- 1.47 2.22 5.34 0.15 
0.09 ---- 1.18 1.83 1.93 ---- 1.46 2.22 5.60 0.13 
0.106 0.128 0.125 0.130 0.127 ---- 0.193 0.155 0.058 0.360 
98.6 82.4 63.0 42.5 40.5 ---- 70.1 56.6 4.75 96.64 
97.0 ---- 61.3 40.0 35.7 ---- 70.3 56.6 ---- 97.1 
36.9 25.0 26.6 23.6 23.9 ---- 33.3 36.1 52.5 12.9 
0.516 0.424 0.325 0.219 0.211 ---- 0.657 0.533 0.045 0.899 
-507 ---- 0.311 0.206 .186 ---- 0.660 0.532 ---- 0.903 
1.062 .721 .765 .679 -695 ---- 1.843 1.616 .086 1.124 
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to  
Northeast  S e c t i o n ,  I n s t i t u t e  of Food T e c h n o l o g i s t s  
for 
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by  
MG. Randall P a r t r i d g e  
Chemical Engineer ing  Freshman 
Wor c es t er Po 1 y t  ec hn i c I n s  t i t u  t e 
ExDerience i n  Food Technolosv  
When i n  h i g h  s c h o o l ,  I became i n t e r e s t e d  i n  t h e  s e p a r a t i o n  t e c h n i q u e  
of gas chromatography. A s  I became more e x p e r i e n c e d  i n  t h e  f i e ld ,  I began 
t o  s t u d y  t h e  u s e  of g a s  chromatography f o r  t h e  s e p a r a t i o n  a n d  a n a l y s i s  of 
complex b i o c h e m i c a l  m i x t u r e s  ( e .g .  p r o t e i n  h y d r o l y z a t e s ) .  G a s  chromatography 
offers a d v a n t a g e s  over s u c h  t e c h n i q u e s  as e l e c t r o p h o r e s i s  and  t h i n  - l a y e r  
chromatography b y  p roduc ing  better s e p a r a t i o n s  a n d  more r e p r o d u c i b l e  q u a n t i -  
t a t i v e  data i n  less t i m e .  
H e r e  a t  W.P.I. D r .  A l v i n  W e i s s  h a s  been s t u d y i n g  t h e  k i n e t i c s  a n d  
mechanism of t h e  formose r e a c t i o n  under  a g r a n t  f r o m  N.A.S.A. T h i s  r e a c t i o n  
i s  of i n t e r e s t  t o  N.A.S.A. b e c a u s e  i t  may be used  as t h e  basis of a closed 
sys t em t o  produce  food f o r  a s t r o n a u t s  i n  s u s t a i n e d  s p a c e f l i g h t  a n d  also 
b e c a u s e  it offers a n  e x p l a n a t i o n  of t h e  primordial o r i g i n  of monosacchar ides .  
Through t h e  Freshman Honors Lab program I h a v e  been most f o r t u n a t e  t o  become 
i n v o l v e d  i n  t h i s  s t u d y .  
The formose r e a c t i o n  i s  s i m p l y  t h e  condensa t ion  of formaldehyde  i n  
t h e  p r e s e n c e  of a n  a l k a l i n e  c a t a l y s t  such as Ca(OH)2.  T h i s  
0 0 
I1 II 
I 
H-C-H + Ca(OH)2 C-H + H20 
CaOH 
0 0 0 
I1 
I I 
C -H 
I1 II 
H-C-H + C-H e etc. 
CaOH HO -C -H 
I 
CaOH 
r e a c t i o n  i s  of p a r t i c u l a r  i n t e r e s t  because i t  p roduces  a l l  t h e  possible 
isomers and  stereoisomers of f i v e  a n d  s ix  carbon number aldoses a n d  ketoses. 
U n f o r t u n a t e l y ,  it h a s  p r e v i o u s l y  been shown t h a t  t h e s e  p r o d u c t s  are toxic 
t o  wean l ing  rats when fed a t  more t h a n  f i f t e e n  p e r c e n t  of t h e i r  t o t a l  d ie t .  
The problem t h e n  i s  t o  s t u d y  t h e  r e a c t i o n  a n d  d e t e r m i n e  which p r o d u c t s  
w i l l  be applicable f o r  human consumption or t o  d e t e r m i n e  a t  which p o i n t  t o  
s top  t h e  r e a c t i o n  i n  order t o  maximize C-3 ,  which can  e a s i l y  be r e d u c e d  t o  
g l y c e r o l ,  which i sme tabo l i i ed to  D(+)-Glucose b y  humans. T h i s  necessitates 
a n  a n a l y s i s  of t h e  formose produced! a t  d i f f e r e n t  t i m e  i n t e r v a l s  of t h e  
r e a c t i o n .  P r e v i o u s  work u s i n g  g a s  chromatography h a s  been  hampered b y  t h e  
i n a b i l i t y  of t h e  methods u s e d  t o  s u p p l y  q u a n t i t a t i v e  data f o r  t h e  lower 
ca rbon  number species. I h a v e  been a s s i g n e d  t o  d e v e l o p  a rapid, simple 
a n d  q u a n t i t a t i v e  method f o r  a n a l y z i n g  t h e  c a r b o h y d r a t e  c o n t e n t  of t h e  
formose s o l u t i o n .  
1 
Gas chromatography of t h e  t r i m e t h y l s i l y l  ether (TMS) d e r i v a t i v e s  of 
t h e  hydroxy compounds prepared b y  a method s i m i l a r  t o  t h a t  of Sweeley (1) . 
w a s  u sed  t o  a n a l y s e  t h e  formose s o l u t i o n s  i n i t i a l l y .  
w e r e  d i s s o l v e d  i n  p y r i d i n e  a n d  t h e n  reacted o v e r n i g h t  w i t h  h e x a m e t h y l d i s i l i z a n e  
(HMDS) a n d  t r i m e t h y l c h l o r o s i l i n e  (TMCS). A sample of t h i s  r e a c t i o n  m i x t u r e  
w a s  i n j e c t e d  d i r e c t l y  i n t o  t h e  chromatograph.  
The hydroxy compounds 
A 50 foo t  P e r k i n  Elmer OV-17 SCOT column w a s  u s e d  t o  effect s e p a r a t i o n  
of t h e  c a r b o h y d r a t e  derivatives.  T h i s  column h a s  been shown t o  be q u i t e  
effective for  c a r b o h y d r a t e  a n a l y s i s ( 2 ) .  
Chromatograph w i t h  c a p i l l a r y  i n l e t  sys tem a n d  operated w i t h  a t e m p e r a t u r e  
program of 100"  t o  220°C w a s  u sed  f o r  a l l  t h e  a n a l y s i s .  The OV-17 column 
had n e g l i g i b l e  b a s e l i n e  d r i f t ,  even a t  r e l a t i v e l y  h i g h  s e n s i t i v i t i e s  w i t h  
t h i s  program. 
A P e r k i n  Elmer Model 900 G a s  
The chromatograins o b t a i n e d  by  i n j e c t i n g  t h e  TMS r e a c t i o n  m i x t u r e  
d i r e c t l y  showed e x c e s s i v e  t a i l i n g  of t h e  p y r i d i n e  peak. T h i s  o b s c u r e d  
a number of t h e  l o w  ca rbon  number species t o  a l a r g e  e x t e n t .  The t a i l  of 
t h e  p y r i d i n e  peak also resul ted i n  a mound towards t h e  c e n t e r  of t h e  
chromatogram when t e m p e r a t u r e  programming which made q u a n t i t a t i o n  d i f f i c u l t .  
I overcame t h e  " p y r i d i n e  problempr b y  d e v i s i n g  a n  e x t r a c t i o n  p r o c e d u r e  
which would remove o n l y  t h e  TMS derivatives f r o m  t h e  r e a c t i o n  mix tu re .  
T h i s  w a s  accompl ished  b y  c o n v e r t i n g  t h e  p y r i d i n e  t o  p y r i d i n e  h y d r o c h l o r i d e  
w i t h  3 F. HC1, which also served t o  d e s t r o y  t h e  excess TMS r e a g e n t s ,  a n d  
e x t r a c t i n g  t h e  s o l u t i o n  t h r e e  t i m e s  w i t h  1 :1 e the r -hexane  after c o o l i n g  
i n  ice  w a t e r .  
vacuo  a t  30°C on a r o t a r y  evaporator. The r e s i d u e  w a s  t h e n  dissolved i n  
ch lo ro fo rm a n d  w a s  stored a t  0 ° C  w i t h  no n o t i c e a b l e  decomposi t ion  f o r  up 
t o  t h r e e  weeks. 
The extracts w e r e  combined a n d  evaporated t o  d r y n e s s  in 
Chromatograms of s t a n d a r d  c a r b o h y d r a t e s  a n d  p o l y o l s  have  shown 
e s s e n t i a l l y  q u a n t i t a t i v e  t r a n s f e r  of t h e  TMS d e r i v a t i v e s  a n d  have been 
e x c e l l e n t  w i t h  respect t o  t h e  b a s e l i n e .  F i g u r e  1 i l l u s t r a t e s  t h e  chroma- 
grams o b t a i n e d  u s i n g  t h e  t w o  p rocedures .  I h a v e  also begun t o  s t u d y  t h e  
s e p a r a t i o n  of t h e  D a n d  L opt ical  isomers b y  g a s  chromatography on o p t i c a l l y  
act ive and  specific l i q u i d  phases .  T h i s  s e p a r a t i o n  may be of c o n s i d e r a b l e  
va lue ,  s i n c e  o n l y  t h e  suga r s  such as D(+)-Glucose are metabolized b y  human 
b e i n g s .  
The need  fo r  t h e  rapid a n d  accurate a n a l y s i s  of complex r e a c t i o n s  canno t  
be overlooked when e v e n t u a l  human consumption i s  l i k e l y .  G a s  chromatography 
s h o u l d  prove  t o  be t h e  m o s t  rapid a n d  a c c u r a t e  t e c h n i q u e  f o r  t h e  m o n i t o r i n g  
of react ions w i t h  t h e  c o m p l e x i t y  of t h e  formose r e a c t i o n .  With t h e  p o s s i b . i l i t y  
of p roduc ing  toxic s u b s t a n c e s ,  t h e r e  i s  n o  room f o r  a n a l y t i c a l  error. 
Refe rences :  
1 Sweeley,  C.C., B e n t l e y ,  R . ,  Makita, M . ,  a n d  W e l l s ,  W . W . ,  J. Am. Chem. 
SOC., 85, 2497-2507 (1963) .  
2 A v e r i l l ,  W., P e r k i n  Elmer I n s t r u m e n t  N e w s ,  18, N o .  2 ,  p. 10 (1967) .  
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Table 1 
Exper imen ta l  D a t a  
Concentration s i n  React or 
(mol es/l i t er ) 
HCHO by 
HCHO Ca(OH)2 Residence Ca(OH)2 HCHO chromo- 
Temp Feed Rate Feed Rate Time by acid by t ropic  
Run No. ("C) (mol/l/min) (mol/l/min) ( m i n )  t i t r a t i o n  Na2S03 ac id  
808 -2 
808 -3 
807 -6 
807 -5 
807 -4 
807 -2 
806 -4 
807 -1 
806 -3 
806 -2 
730 -3 
731 -2 
730-2 
730 -1 
731 -1 
731 -3 
805 -6 
805 -5 
805 -3 
816 -3 
816 -2 
816 -1 
816 -4 
814-1 
813 -5 
813 -4 
813 -3 
813 -1 
60.0 
60.0 
60.0 
60.0 
60.0 
55.0 
55.0 
60.0 
65.0 
70.0 
0.15 
0.15 
0.37 
0.35 
0.78* 
0.86 
0.94 
0.52 
0.0113 
0.0113 
0.0055 
0.0134 
0.0162 
0.0204 
0.192 
0.0272 
0 .  b520 
0.0715 
0.0130 
0.0184 
0.0356 
0.0469 
0.0585 
0.0750 
0.0138 
0.0306 
0.0516 
0.0206 
0 0448 
0.0555 
0.0872 
0.0288 
4.56 
4.44 
5.42 
4.92 
4.76 
4.57 
5.36 
4.24 
4.97 
4.75 
5.37 
5.33 
4.94 
4.71 
4.60 
4.39 
5.57 
4.55 
4.20 
5.90 
5.43 
5.24 
4.74 
5.74 
5.91 
5.91 
5.93 
5.84 
0.040 
0.040 
0.021 
0.047 
0.054 
0.087 
0.089 
0.113 
0.230 
0.300 
0.047 
0.063 
0.133 
0.198 
0.252 
0.315 
0.047 
0.117 
0.187 
0.058 
0.155 
0.193 
0.360 
0.127 
0.130 
0.125 
0.128 
0.106 
0.06 
0.03 
2.01 
1.06 
0.76 
0.22 
0.32 
0.09 
N i l  
N i  1 
3.99 
3.14 
1.65 
0.83 
0.30 
0.08 
4.70 
2.39 
0.95 
5.34 
2.22 
1.47 
0.15 
1.78 
1.75 
1.13 
0.54 
0.04 
0.08 
0.04 
2.05 
1.12 
0.77 
0.16 
0.32 
0-09 
0.04 
0.04 
4.13 
3.23 
1.70 
0.65 
0.32 
0.18 
4.73 
2.47 
0.96 
5.60 
2.22 
1.46 
0.13 
1.93 
1.83 
1.18 
0.09 
---- 
*CH30H Stabi l ized 
Table 2 
Sens iv i ty  of Na2S0, T e s t  t o  Some Carbohydrates 
Compound 
Sample S i z e  
Frac t iona l  Recovery ( grams) 
G1 ycolaldeh yde 1.17 
G1 yc eraldeh yde 1.52 
0.43 
Dihydroxyacetone 1.18 
D -Arab i n  o s e 
Fructose 
3.06 
3.17 
Dextrose monohydrate 3.32 
0.95 
0.94 
0.86 
0.34 
0.217 
0.014 
0.032 
Table 3 
Rela t ive  Retention Times f o r  TMS Derivatives 
Relative 
OV-17 
Par en t Compound looo-240°C at  Q°C/min 
Ethylene Glycol 
G 1  yc e ro l  
G 1  yc o laldeh yde 
r t  I? 
rt It 
Erthrose 
r* 
Erythr i to l  
Dihydroxyacetone 
Arabinose 
Lyxose 
Ribose 
Arabinose 
Lyxose 
r ibose 
Arabi to1 
r ibo t o l  
Xylose 
Xylose 
Dihydroxyacetone ( 2) 
p Fructose 
Mannose 
Fr uc t o se 
Galactose 
G 1  yc eraldeh yde ( 2 ) 
Sorbose 
Galactose 
Mann i to1 
Mannose 
Dulc i t o l  
Sorb i t o l  
Galactose 
a Glucose 
p Glucose 
I? 
tr  
Xylotol 
0.118 
0 - 297 
0,355( s) 
0.370 
0.388( s )  
0.477 
0.490 
0 (. 510 
0.574 
0 - 666 
0.666 
0.689 
0.697(s) 
0 - 708 
0.708 
0 .'715 ( s) 
0.737 
0.737 
0.737 
0.765 
0.813 
0.813 
0.823 
0.836 
0.836 
0.864( s) 
0.868 
0.894 
0.894 
0.909 
0.914 
0.922 
0.922 
0.928 
0.928 
1.000 
** 
Retention T i m e  
OV-17 
150-200 at 2.5"c/min 
5e-52 
140 "C 
---- 
---- 
0.039*( s )  
0.044 
0.10 
0.12 
0.14 
0.16 
0.28 
0.26 
0.27(s) 
0.32 
0.33 
0.33 
0.35 
0.46 
0.42 
0.46 
0.43 
0.54 
0.57 
0.69 
0.70 
0.076 ( s )  
0.48 
0.85 
0.88 
1.21 
1.08 ( s ) 
1.28 
1.24 
1-08 
1.00 
1.57 
** 
*-E 
** 
* 
** N o  peak observed 
( s )  minor component 
Sweeley claims t h i s  peak is  glyceraldehyde monometer 
Table 4 
Effec t  of Pyridine on Distr ibut ion of Ribose Anomers 
Pyridine Trea tment  
before  S i l y l a t i o n  
15 min a t  20OC 
30 min a t  70OC 
120 min a t  70°C 
450 min a t  70OC 
Relative Peak A r e a  
1 2 3 
85.8 7.0 7.2 
81.3 4.5 14.2 
79.7 3.4 16.9 
78.0 8 .4  13.6 
- 
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